We identified 14 mutations in 15 Japanese subjects from 13 families with galactose-1-phosphate uridyltransferase (GALT) deficiency using denaturing gradient gel electrophoresis (DGGE) and direct sequence analysis. These mutations accounted for 22 (96%) of 23 mutant alleles in 15 Japanese subjects. The mutational spectrum included nine missense mutations (M142V, G179D, A199T, R231H, W249R, N314D, P325L, R333Q, and R333W), two deletions (L275fsdelT and Q317fsdelC), a nonsense mutation (W249X), and two splicing mutations (V85-N97fsdel38bp and IVS4nt + 1). Ten of the 14 mutations have not been reported in Caucasians. Differences in frequency and spectrum of GALT mutations suggest that the mutations may have occurred after racial divergence of Caucasians and Asians. The Duarte variant in Japanese was associated with the N314D mutation, g.1105G > C, g.1323G > A, and g.1391G > A (SacI -) polymorphisms, as in Caucasians. The Duarte variant may have occurred before racial divergence, and was an ancient mutation. In vitro GALT activities of nine missense mutations were determined by a COS cell expression system, and indicated between 1.3% and 35% of wild-type control. Patients with R333Q (29% in vitro GALT activity) or A199T (35%) showed mild clinical phenotypes, ie no ovarian failure or neurological deterioration. Genotype determination is useful for predicting biochemical and clinical phenotypes in classic galactosaemia, and can be of further help in managing patients with this disorder.
Introduction
Classic galactosaemia is an autosomal recessive genetic disorder due to a deficiency of galactose-1-phosphate uridyltransferase (GALT). The incidence of classic galactosaemia in Caucasians is 1:40000-60000, 1 compared with 1:1000000 in the Japanese. 2 This disease causes neonatal jaundice, cataracts, hepatomegaly, failure to thrive, and even neonatal death, if the patient is not rigorously maintained on a lactose-free diet. Early diagnosis and treatment through newborn mass screening have been performed in Japan since 1977. Despite the favourable results of early diagnosis and galactoserestricted diet, late-onset symptoms, such as ovarian failure and neurological deterioration, have been reported, 3, 4 the pathophysiological mechanisms of which remain unknown.
Over 100 distinct mutations have been reported, mainly in the Caucasian population, since the first report of mutations in GALT patients in 1991 5 (Tyfield GALT database, available at: http://www.alspac1.ich-.bris.ac.uk/galtdb/ accessed 7 July 1998). Molecular genetic analysis can provide new information on impaired GALT function and enable prediction of the outcome in affected patients. The Q188R mutation is the most prevalent among patients with GALT deficiency in Caucasians, accounting for over 60% of all galactosaemic alleles, and is related to classic galactosaemia with neurologic symptoms and ovarian failure. [6] [7] [8] T138M, T350A, R259W, A330V mutations have been reported to be associated with mild biochemical phenotypes. 9, 10 In molecular analysis of the variants, the N314D mutation and g.1391G > A (SacI -) polymorphism were clearly associated with the Duarte variant with 50% of normal GALT activity. [11] [12] [13] The N314D mutation and L218L polymorphism (g.1721C > T in exon 7) have been associated with the Los Angeles variant with GALT activity above the normal range. 14 The role of N314D mutation for the Duarte and Los Angeles variants is still unclear.
In a previous study, we reported two mutations of R213H and V85-N97fsdel38bp in two Japanese patients with typical classic galactosaemia phenotype. 15 In order to investigate the molecular basis for phenotypic heterogeneity in galactosaemia, we analysed mutations in Japanese subjects with GALT deficiency using denaturing gradient gel electrophoresis (DGGE) and direct sequencing, and examined the in vitro GALT activity of mutant GALT cDNA constructs using a COS cell expression system.
Materials and Methods

Patients
The biochemical phenotype and genotype of the 15 Japanese subjects studied are presented in Table 1. Patients 1A, 1B, 2,  and 3 were diagnosed with GALT deficiency before the mass screening of newborns had begun in Japan. Patients 2 and 3 exhibited typical symptoms of classic galactosaemia and were diagnosed with reduced levels of GALT activity in RBC, as reported earlier. 15 Patients 4 to 8 were detected by mass screening of newborns and were diagnosed as GALT deficiency at the respective institutions, and were started on a galactose-restricted diet immediately after diagnosis. Their psychomotor development was normal. Patients 9 to 13 exhibited weak fluorescence in the Beutler screening test and mild elevation of galactose concentration in the Paigen screening test. They were diagnosed as heterozygous carriers based on GALT activity in their RBCs.
Patients 1A, B, and 4 were female and had passed adolescence with mild clinical phenotypes. Patient 1A had feeding failure, insufficient weight gain, hepatomegaly, cataract, and a serum galactose concentration of 6.7 mol/L. She was diagnosed with GALT deficiency two months after birth. She started on a galactose-restricted diet and continued the strict dietary treatment. Her IQ was 84 at the age of 6. She had a regular menarche and later became pregnant, and gave birth to a normal child. No marked ovarian failure or neurological deterioration has been found. Patient 1B, the younger sister of patient 1A, was found to have hyperbilirubinaemia 3 days after birth. She started on a galactose-restricted diet 12 days after birth, and continued the strict dietary treatment. Psychomotor development was normal and she had menarche at age 13. 16 Patient 4 was diagnosed by mass screening of newborns, and had continued the strict galactose-restricted diet. She had menarche at age 15, and did not exhibit 
Denaturing Gradient Gel Electrophoresis
Genomic DNA was prepared from white blood cells or lymphoblasts transformed with Epstein-Barr virus. The 11 exons and flanking intronic regions in the GALT gene were amplified by polymerase chain reaction (PCR) with GC-clamped sense primers and anti-sense primers (Table 2) . Reaction mixtures obtained 0.5-1.0 µg of genomic DNA, 2 mM of each dNTP, 50 mM KCl, 100 mM Tris-HCl (pH 8.3), 15 mM MgCl 2 , 0.1% gelatin, 100 ng GC-clamped primer, 50 ng of anti-sense primer, and Amplitaq (Perkin-Elmer, Norwalk, CT, USA). Thirty-five PCR cycles were performed using the following thermal profile: 94°C for 30 s, 50°C for 60 s, and 72°C for 60 s. The mixture was finally incubated at 72°C for 5 min in a thermal sequencer (TSR-300, Iwaki, Funaba Shi, Japan). GC-clamped PCR products (20 µl) were loaded on to a 6% polyacrylamide gel containing a linear gradient of urea and formamide ranging from 20 to 80%. 18 Electrophoresis was performed at 160 V for 7 h in a 61°C TAE buffer (0.04 M Tris acetate, 1 mM EDTA, pH 8.0) using denaturing gradient gel electrophoresis apparatus (CBS Scientific, Solana Beach, CA, USA).
Genomic DNA Sequencing
The 11 exons were divided into nine regions, combining exons 3 and 4, and exons 5 and 6. Each region was amplified from genomic DNA by PCR with biotinylated sense primer and anti-sense primer using the following thermal profile: 94°C for 60 s, 54°C for 120 s, and 72°C for 180 s in a thermal sequencer. The amplified products were purified to a single-strand DNA using magnetic beads coated with streptavidin M280 (Dynal, Oslo, Norway). The single-strand DNA was sequenced directly with anti-sense primers for GALT sequence using a Sequenase ver. 2.0 kit (Amersham, Buckinghamshire, England).
Detection of g.1105G > C, g.1323G > A, g.1391G > A, and g.1721C > T Polymorphisms
Detection of g.1105G > C polymorphism was performed by amplifying intron 4 region with sense-biotinylated primer 5'-AGCAAAGTCTGCTCGAG-GAGTC-3' and anti-sense primer 5'-ACCCAGCTCCTCTGTGACTGA-3'. The PCR products were purified to a single-strand DNA and were sequenced with sense primer 5'-AACCAGAGTTGGA-GACTCAG-3'. Detection of g.1391G > A polymorphism (SacI -) was performed by amplifying the intron 5 region with sense primer 5'-TCAGTCACAGAGGAGCTGGGTG-3' and anti-sense primer 5'-AATCCTGTTCCCATGTCCACA-3'. The PCR products (325 bp) were digested with SacI (New England Biolabs, Beverly, MA, USA), and the SacI + chromosome exhibited two fragments of 149 and 176 bp. The detection of g.1323G > A polymorphism was performed by digesting PCR products (325 bp) of the intron 5 region with DdeI (New England Biolabs). The DdeI + chromosome exhibited four fragments of 6, 32, 101, and 186 bp, instead of three fragments of 6, 32, and 287 bp of DdeI. Detection of g.1721C > T polymorphism (L218L, MseI + ) in exon 7 was performed by digesting PCR products of exon 7 (262 bp) with MseI (New England Biolabs). The g.1721C > T chromosome (MseI + ) exhibited two fragments of 138 and 124 bp. The products of digestion were analysed by electrophoresis by a 3% agarose gel.
Expression Analysis
The wild-type full-length human GALT cDNA fragment from pJR16 GALT 5, 19 was subcloned into the eukaryotic expression vector pcDNA 3 (Invitrogen, San Diego, CA, USA). Mutant GALT cDNA was synthesised by specific base substitution into pcDNA 3 GALT using site-directed mutagenesis. Mutant and wild-type pcDNA 3 GALT were introduced into monkey kidney COS cells by electroporation with a Gene Pulser apparatus (Bio-Rad, Hercules, CA, USA) as described previously. 20 The cells were harvested after 72 h of culture, and GALT mRNA and GALT activity in cellular extracts were determined. GALT mRNA levels in cell extracts were determined by dot-blot hybridisation for serially diluted total-RNA samples with a GALT cDNA probe labelled with [α-32 P] dCTP (DuPont-NEN, Boston, MA, USA) using the Megaprime DNA labelling system (Amersham). GALT activity of each mutant construct was determined as described previously.
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Results
DGGE Analysis and Genomic DNA Direct Sequencing
In this study, we performed DGGE analysis and direct sequencing on a total of 23 mutant alleles from nine 
Relationship between N314D and Polymorphisms
In family 6, patient 6A (19% of normal GALT activity in RBC) had a genotype with N314D, g.1105G > C, g.1323G > A, g.1391G > A (SacI -)/P325L. Patient 6B (1%) had a genotype with homozygous P325L. Their father (22%) had a genotype similar to that of patient 6A, whilst their mother (60%) was a heterogeneous carrier of P325L. Patient 6A and the father exhibited bands similar to those in Caucasians with Duarte variant on starch gel electrophoresis of GALT protein. 21 In family 9, patient 9 (32%) had a genotype with N314D, g.1105G > C, g.1323G > A, g.1391G > A/ Q317fsdelC; his father (65%) was a heterozygous carrier of Q317fsdelC, and his mother (85%) was a heterozygous carrier of N314D, g.1105G > C, g.1323G > A, g.1391G > A. In families 6 and 9, the Duarte variant alleles were completely linked to N314D, g.1105G > C, g.1323G > A, and g.1391G > A. The polymorphisms of g.1105G > C, g.1323G > A, g.1391G > A, and g.1721C > T (L218L) were also analysed in 13 families and two other normal phenotype individuals with Duarte variant. The four alleles of Duarte variant were completely linked to N314D, g.1105G > C, g.1323G > A, and g.1391G > A, but not to g.1721C > T, whilst 27 alleles of the wild-type and GALT deficiency did not link to g.1105G > C, g.1323G > A, g.1391G > A, and g.1721C > T.
Expression Analysis using the COS Cell System
In order to determine whether the missense mutations identified in our patients caused galactosaemia, six missense mutations (M142V, G179D, A199T, W249R, P325L, and R333Q) were examined for GALT activities using a COS cell expression system. The GALT activity of each mutant construct was established by calculating the efficiency of transfection into COS cells; this was done by determining GALT mRNA levels in transfected cells. GALT activities in all six mutations investigated were reduced, confirming that they were causal genes for galactosaemia (Table 4) .
GALT mutations were classified into one of three groups based on in vitro GALT activity on COS cell expression analysis: 
Discussion
Identification of mutations in Japanese subjects with GALT deficiency using the DGGE method and direct sequencing allowed detection of 14 different mutations in 22 of 23 GALT deficiency alleles, corresponding to a detection rate of 96%. Greber-Platzer et al 22 also reported a detection rate of 98% excluding exon 1 in an Austrian population using the DGGE method. This method is thus effective in detecting mutations in the GALT gene. Greber-Platzer et al 22 could not detect the mutation in exon 1 due to high melting temperature despite several modifications of the DGGE procedure. In our Japanese patients, there were no mutations in exon 1 after DGGE and direct sequencing. We have not investigated and solved the limitation of the DGGE procedure for exon 1. Therefore, our strategy for exon 1 was the direct sequence of exon 1 when we could not find both mutations by DGGE analysis. Among Japanese subjects, the most frequent of the 14 different mutations was V85-N97fsdel38bp, which was identified in only four of 23 alleles. The next most frequent mutation was P325L, identified in three alleles. We found neither the Q188R mutation, which accounts for > 60% of mutations in Caucasians, [6] [7] [8] nor the S135L mutation, which accounts for 40% of mutations in African-Americans. 23 Thus, we could not find particularly prevalent mutations in Japanese subjects, and the causal genes for GALT deficiency in Japanese were heterogeneous. Though more than 100 mutations have been identified in Caucasians, only four mutations, N314D, P325L, R333W, and R333Q are common in both Caucasians and Japanese. The P325L R333W, and R333Q mutations occurred in the CpG dinucleotide, a mutation hot spot. The frequency of galactosaemia in Caucasians is 1 in 40000-60000, but is much lower in the Japanese, at 1 in 1000000. This difference in frequency and the difference in spectrum of mutations suggest that Japanese and Caucasian mutations probably occurred independently. Thus, Japanese GALT mutations may have occurred after the divergence of Caucasians and Asians. It is suspected that chromosomes with GALT deficiency, especially Q188R, produced favourable conditions for ancestral and/or modern Caucasians, and became high frequency. On the other hand, chromosomes with GALT deficiency did not have any merit and became the low frequency in the Japanese.
Genetic studies of Caucasians have shown that the N314D mutation is closely linked to the chromosome of the Duarte variant, and this substitution is considered to be the causal gene for the Duarte variant. 11, 12 The Duarte variant in the Japanese is also linked to the N314D mutation, and its frequency in the Japanese 2.0%, 24 similar to about 6% in Caucasians. 11, 25 However, it is still unclear whether the N314D mutation is a cause of GALT deficiency, since N314D mutant constructs in COS cells and yeast expression systems exhibited GALT activity equivalent to or exceeding that of the wild type. 5, 26 On the other hand, lymphoblasts with homozygous N314D mutation had reduced GALT enzyme activity due to protein instability. 27 The association between the Duarte variant and DNA polymorphisms in Caucasians was reported first, g.1391G > A (SacI -) polymorphism, by Lin and Reichardt, 13 second, g.1105G > C, by Podskarbi et al 28 and Greger-Platzer et al 22 and third, g.1323G > A, by Schuster et al. 29 Podskarbi et al 28 and Greger-Platzer et al, 22 suspected that the g.1391G > A g.1105G > C polymorphisms reduced GALT activity in Duarte variants. Duarte variants in the Japanese encoded g.1105G > C, g.1323G > A, g.1391G > A polymorphisms, and the N314D mutation, as in Caucasians. We therefore suspect that the Duarte variant has occurred before racial divergence between Caucasians and Asians, and is an ancient mutation. The correlation between the clinical phenotype and genotype of GALT deficiency is still unclear. Concerning the most prevalent Q188R mutation among Caucasians, patients with the homozygous Q188R mutation exhibited no GALT activity in RBCs and, clinically, exhibited ovarian failure and neurological deterioration with aging. 6, 8 The Q188R mutation exhibited 10% GALT activity in a COS cell expression system reported by Reichardt, 30 a level similar to that observed in patients in our intermediate genotype group, whilst the Q188R mutation exhibited no in vitro GALT activity in the yeast expression system. 31 The difference in in vitro GALT activity between COS cells and yeast expression systems was suspected to be due to the lack of GALT activity in yeasts. 31 In this study, in vitro GALT activity in the intermediate and mild genotype groups was higher than the corresponding GALT activities in vivo. The major cause of high in vitro GALT activity is probably transient overexpression of mRNA transcribed from plasmid GALT cDNA with a strong promotor rather than steady-state expression of GALT proteins under in vivo physiological control. Patients who were homozygous or compound heterozygous for the P325L, M142V, or R231H mutations in the intermediate genotype group (10-11% in vitro GALT activity) exhibited less than 1% GALT activity in RBCs and had the typical classic phenotype. Patients who were compound heterozygous for R333Q or A199T in the mild genotype group (29-35% in vitro GALT activity) exhibited 2.5-5% GALT activity in RBCs or lymphoblasts. These patients are in a group with detectable GALT activity ranging from 0.1% to 5% of normal value similar to that reported by Ng et al 8 and have a favourable clinical course. These findings indicate that GALT activities in COS cell expression system do not completely correspond with those in RBCs or lymphoblasts. However, in vitro GALT activities correlated with in vivo activities in RBCs or lymphoblasts. Therefore, the in vitro GALT activity system is useful for assessing the relative severity of GALT mutations and classifying GALT deficiencies. Our borderline between mild and classic phenotypes in GALT patients was 11-29% of in vitro GALT activity. We find mutations yielding between 11 and 29% in vitro GALT activity interesting, since these genotypes are related to non-or near non-detectable GALT activity in RBCs. Determination of genotypes and study of expression in patients after mass screening of newborns is useful for characterising the clinical and biochemical phenotypes and thus permits optimisation of therapy, determination of long-term prognosis, and providing intensive support for patients and their families.
